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We investigate the influence of carbon nanotubes (CNTs) aligned array on the magnetic properties of an ensemble of densely
packed Co nanoparticles (NPs) embedded inside CNTs. Samples are synthesized by chemical vapor deposition activated by current
discharge plasma and hot filament. Each CNT contained only one NP of Co, which had preliminarily been formed on the surface
of the SiO 2/Si substrate. Co NPs are elongated along the CNT axis. The reference Co NPs ensemble and Co NPs embedded inside
CNTs behave differently in a magnetic field. In the former case, Co NPs are strongly coupled by the dipole–dipole interaction (DDI);
the easy axis plane is oriented parallel to the substrate. For Co-CNT samples, Co NPs are magnetically isolated. The reason for
suppressing the contribution of the DDI is the magnetic anisotropy. It increases significantly because of the peculiar morphology of
Co embedded in CNT and stresses. We evaluate the values of shape, magnetocrystalline, and magnetoelastic anisotropy constants.
The magnetoelastic anisotropy is estimated for both the crystalline structures of Co, fcc and hcp, observed in Co NPs. The maximum
stresses are reached in the case of hcp Co, when the hexagonal axis is oriented along the radial CNT direction. The influence of
stresses onto the magnetic structure of Co inclusions is investigated by the micromagnetic simulations.
 Carbon nanotubes (CNTs), dipole–dipole interaction (DDI), magnetic anisotropy, magnetoelasticity, nanosized cobalt.
I. INTRODUCTION
Magnetic structures consisting of densely packed
nanosized ferromagnets represent an increased
performance of devices together with a sustained interest in
understanding their fundamental properties. Ferromagnetic
materials with the reduced dimensions are characterized by the
interplay between different magnetic anisotropy contributions.
To control shape, crystalline, and elastic anisotropies, first,
it is necessary to overcome the dipole interaction between
nanosized magnets [1]. Second, impact on the magnetic
properties of the fabrication parameters can be decisive,
exaggerating the contribution of one or another anisotropy to
the overall properties of the sample [2]. Conventional idea to
develop nanosized magnets is based on the electrochemical
deposition in porous templates. However, the nanowires
fabricated by electrochemical deposition do not meet the
requirements of densely packed and magnetically isolated
objects. The dipole–dipole interaction (DDI) usually domi-
nates for the density of nanosized ferromagnets greater than
nNP ≈ 109–1010 cm− 2 [3]. Therefore, to create a system
of densely packed magnetically isolated ferromagnetic
nanoparticles (NPs) with n NP > 1010 cm− 2, it is necessary
to increase the contribution of the magnetic anisotropy in the
total energy of the system.
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To study the interplay of various magnetic anisotropy
contributions in the array of densely packed nanosized Co
in this paper, we fabricate samples applying a different
bottom–up technique based on the chemical vapor deposition
activated by current discharge plasma and hot filament
(dc HF CVD) [4]. This approach allows fabricating densely
packed (n NP > 1010 cm− 2) ferromagnetic NPs embedded
inside vertically aligned carbon nanotubes (CNTs) [5], [6].
Thus, the problem of agglomeration of NPs is prevented.
Moreover, the combination of these two types of materials
(CNTs and NPs) significantly modifies the magnetic properties
of the sample and increases the resistance of NPs toward
their oxidation [7], [8]. Such type of CNT-based magnetic
nanocomposite is a promising material for magnetoelectronics.
II. SAMPLE FABRICATION AND CHARACTERIZATION
A SiO 2 layer of 8 nm thickness was first deposited onto
the Si(100) substrate. Then, Co film of 5 nm thickness
was deposited with an evaporation cell in an ultra high
vacuum (UHV) chamber directly connected to the CVD
reactor. Afterwards, the substrate was transferred into the
UHV CVD reactor, and the metal reduction and the formation
of an array of Co NPs were performed by heating up to 973 K
at a heat rate of 10 K/min under UHV followed by a final
treatment at 973 K in a hydrogen/ammonia mixture at 15 mbar.
These conditions were chosen to optimize the formation of the
homogeneous distribution of NPs. Finally, the metal reduction
and the formation of an array of Co NPs were performed
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Fig. 1. SEM image of an ensemble of Co NPs on the SiO 2/Si substrate.
(a) Patterns of TEM electron diffraction revealing (b) fcc and (c) hcp Co
lattices.
Fig. 2. (a) SEM image of vertically aligned array of CNTs on the SiO 2/Si
substrate. (b) TEM of the Co NPs embedded inside CNTs. Inset: typical
structural shape of Co NP inside CNT obtained by TEM.
in a thermally activated mixture of hydrogen and ammonia
at 973 K during 15 min. As a result, a reference sample
consisting of an ensemble of Co NPs with an average diameter
of 15 ± 5 nm and n NP ≈ 1.2 × 1010 cm− 2 was synthesized on
the surface of the SiO2/Si substrate. The characteristic view of
an array of Co NPs is shown in Fig. 1(a). Co was observed in
two modifications of the crystalline lattice, fcc and hcp, which
was proven by TEM electron diffraction [Fig. 1(b) and (c),
respectively].
The process of dc HF CVD was done in the mixture of
C2H2:H2 = 20:80 with a flow rate of 100 sccm at 15 mbar
and a filament power of 150 W. The process time was 6 min
to minimize the defectiveness of CNTs and their bending.
Co NPs act as a catalyst for the CNTs’ growth. The results
of scanning and transmission electron microscopy strongly
suggest the growth of an array of vertically oriented CNTs
[Fig. 2(a)] with only one Co NP inserted and located at the
top of each CNT [Fig. 2(b)]. This is expected when using a
plasma-activated process [4], [9].
We emphasize that most of these Co NPs are elongated,
as can be seen in Fig. 2(b), with the long axis oriented parallel
to the nanotube axis. The diameter of these inclusions is
restricted by the inner CNT channel ( ≈ 15–20 nm), and their
aspect ratio is about 5, i.e., the NPs have a cylindrical-like
shape. Such resulting Co morphology embedded on top
of CNT underlines the importance of diffusion processes
in/on the NP bulk/surface during the CNT growth. The
TEM analysis revealed the regular structure of CNTs and
their low defectiveness [4] in agreement with the Raman
spectroscopy [10]. The CNTs are multiwalled but with a clear
and regular hollow inside. More details about the processes
of dc HF CVD for the CNTs’ growth and Co-CNT samples
characterization can be found elsewhere [4], [9].
Fig. 3. (a) MFM image of Co NPs on the SiO 2/Si substrate. The size of
image is 1.5 μ m × 1.5 μ m. (b) MFM image of Co NPs embedded inside CNT.
Fig. 4. Normalized magnetization M/M S versus magnetic field H for the
parallel (red) and perpendicular (blue) magnetic field orientations. T = 2 K.
(a) Reference sample. (b) Co CNT.
III. MAGNETIC PROPERTIES
Fig. 3(a) shows the magnetic force microscopy (MFM)
image for the reference sample, and Fig. 3(b) shows the MFM
result for an array of CNTs with Co on the top of each CNT.
The intensity variations are a measurement of the attractive
(repulsive) magnetic force gradient.
In the first case, it is possible to distinguish magnetic
domains with an average size of about 500 nm encompassing
a set of many NPs, which indicates strong DDI between them.
For Co-CNT sample, which was grown from a reference one,
the average size of a magnetic dipole is about 50 nm, which
is close to the average size of Co at the top of the CNT. Thus,
Co NPs are magnetically separated from each other.
The difference in the magnetic interaction between the
particles on the substrate and inside the CNT is also manifested
in the shape of hysteresis loops. In Fig. 4(a), the M (H ) curves
for the reference sample are shown for magnetic field oriented
both parallel and perpendicular to the substrate. Rapid satu-
ration in the parallel field along with greater values of the
remanence and coercivity can be reasonably attributed to an
axis of easy magnetization oriented parallel to the substrate.
This can be naturally explained by the strong DDI between
NPs, because of which the array of NPs can be considered as
a thin film.
For Co-CNT sample, M(H ) loops approach each other
for parallel and perpendicular field directions, see Fig. 4(b).
Usually for an ensemble of Co NPs with the aspect ratio
≥ 3–5, the easy axis is oriented along the cylinder, and
M(H ) shapes for the easy and hard axes directions differ
significantly [11]. Therefore, most likely, in our Co-CNT sam-
ples, there is a complex case where magnetocrystalline and,
possibly, magnetoelastic anisotropy of NPs have a dispersion
relative to some direction at a certain angle to the axis of the
nanocylinders. This fact leads to uncertainty in the direction
of the axis of easy magnetization, which requires additional
analysis.
A better understanding of the observed changes in the mag-
netic behavior of Co NPs can only be achieved by analyzing
the effects of different anisotropy contributions to the total
anisotropy of the system and comparing them with the strength
of the DDI.
IV. DISCUSSION
The effective magnetic anisotropy constant K which
includes contributions of the magnetocrystalline (K MCA)
and shape anisotropies (K SA), the magnetoelastic contribu-
tion (K MEA) and the DDI (K DD), can be evaluated within
the random anisotropy model, which has been successfully
applied in the past to explain the properties of ferromagnetic
NPs in CNT [12]
K = Hc A3 MS /[ 114(kBTB )2]. (1)
In (1), A is the exchange constant, MS is the saturation
magnetization, and T B is the blocking temperature.
The results will be presented for the parallel field as
follows. For the perpendicular field, the data are similar.
TB (400 K), HC (6.53 × 104 A/m for the reference sample
and 3 .76 × 104 A/m for Co CNT), and M S (1.4 × 106 A/m)
were measured. For the nanosized Co, we took from the
literature A = 1.54 × 10− 11 J/m [13]. Thus, for the reference
sample, K = 3.77 × 105 J/m3 and for Co-CNT sample,
K = 2.65 × 105 J/m3.
The contribution of the DDI is expressed as [14]
KDD = ( 1/ 8π ) μ 0 M2S V ζ3 sd (2)
where ζ is an average interparticle distance, sd = 6–8 is a
lattice sum that depends on the type of lattice in the NPs
arrangement and the dimensionality of the sample, and V is
the NP volume. From (2), we estimate K DD = 1.4 × 105 J/m3
for the reference sample and K DD = 1.1 × 105 J/m3 for
the Co CNT. The contribution of the SA for the reference
sample can be neglected due to the almost equal transverse
and longitudinal demagnetizing factors. In addition, we believe
that the contribution of the magnetoelastic anisotropy will be
unimportant because the Co NPs are in a practically free state.
Therefore, the anisotropy constant K for the reference
sample is a function of only K DD and K MCA. This results
in K MCA = 2.4 × 105 J/m3. This value is assumed to be
the same for both the types of samples. The obtained K MCA
is slightly greater than K DD. Nevertheless, the impact of the
DDI in the presence of only of MCA is determined by the
dipolar coupling constant α = KDD/ KMCA [15]. There is a
crucial parameter αcr that determines the transition from a
single particle to the collective behavior. The reported values
for fcc or hcp Co NPs are αcr = ( 0.2 − 0.4)(d /ζ )3 [16].
If α > α cr , then DDI dominates; otherwise the MCA prevails.
For our ensemble of Co NPs, we get αcr ≈ 0.14 < α = 0.58,
which indicates that the energy contribution of the DDI is
sufficient to form regions covering many NPs, that is indeed
observed experimentally.
For the Co-CNT sample, the contribution of the SA and
MEA is important. Anisotropy constants K SA and K DD of the
system of magnetic nanocylinders can be merged in a single
contribution as [17]
KSA + KDD = −( 1/ 4)μ 0 M2S (1 − 3P ). (3)
Here, P = (π r2 S) is the porosity of Co nanowires assembly,
P = 0.06. From (3), we get KSA + KDD = − 5.1 × 105 J/m3,
which leads to K SA = − 6.2 × 105 J/m3. Finally, on the
base of the above estimations, we calculate the value of the
magnetoelastic anisotropy constant KMEA = 5.4 × 105 J/m3.
This energy density is greater than those reported in [1] for
Co nanowires embedded in the porous matrix. Therefore, it
would be useful to estimate stresses which correspond to the
obtained magnetoelasticity.
The type of Co crystalline lattice affects significantly the
interpretation of data on the magnetoelastic anisotropy. For
fcc Co, the K MEA can be evaluated as
K fccMEA ≈ −( 3/ 2)λσ (4)
where λ is the magnetostriction constant and σ is the elastic
stress. Using for fcc Co λ = − 50 × 10− 6 [18] and applying
the obtained K MEA value, we estimate σ ≈ 7.13 GPa.
For hcp Co when the hexagonal axis is parallel to the
CNT axis, KMEA is expressed as [19]
K hcpMEA = σ (λ A + λ B )ε1 (5)
where λ A and λB are the magnetostriction constants and ε1 is
the strain. From (5), we get the tensile stress σ ≈ 3.4 GPa.
For the hexagonal axis oriented perpendicular to the CNT
axis, the situation changes significantly. The expression for
K hcpMEA depends on the orientation of the crystal magnetiza-
tion m [18]. However, the exact values of direction cosines αi
of m with respect to the hexagonal axis are not known in our
case. Therefore, for random αi
K hcpMEA( m)≈ B2ε3 + B3(ε1 + ε 2) (6)
where Bi are the magnetoelastic coupling coefficients,
the indices number the axes of the hexagonal crystal (index 3
corresponds to the hexagonal c-axis, and indices 1 and 2 cor-
respond to the a- and b-axes, respectively). We used B 2 =
− 29 × 106 J/m3 and B 3 = 28.2 × 106 J/m3 [18]. Strain ε is
found from the system of equations
ci jε j = σ i (7)
where c i j are the elastic stiffness constants σ1 = σ 3 = σ and
σ2 = 0. For the considered case, we evaluate σ = − 9.5 GPa.
Such internal elastic stresses cause the strain of the CNTs’
lattice not more than ε ≈ 10− 3, which is in good agreement
with [20].
The performed evaluations show that the DDI is suppressed
mainly by the SA and MEA. The largest contribution of the
magnetoelastic anisotropy occurs when the hexagonal axis is
oriented parallel to the substrate. This is confirmed by the
results of the micromagnetic simulation, which was performed
for hcp Co nanocylinders with diameter 20 nm and length
100 nm. We applied the Nmag package [21] based on the
Landau–Lifshitz–Gilbert equation.
Fig. 5. Relaxed magnetization configuration of hcp Co nanocylinder of a
diameter of 20 nm and a length of 100 nm. (a) KMEA = 0. (b) KMEA =
5.35× 105 J/m3. Red (blue)—magnetization direction parallel (perpendicular)
to the nanocylindrical axis.
The z-axis is oriented along the nanocylindrical axis
(i.e., the CNT orientation), and the xy plane is lying in the
radial direction. The x -axis coincides with the hexagonal
axis of the hcp Co. The simulation shows that under such
conditions, the relaxed magnetization configuration of the
cylinder depends on K MEA, see Fig. 5. For KMEA = 0,
the magnetization of the Co nanocylinder is homogeneous
and oriented along the z-axis, see Fig. 5(a). The presence of
the magnetoelastic stresses, KMEA = 5.35 × 105 J/m3, breaks
nanocylinder in two domains, see Fig. 5(b).
The performed simulations of the magnetic structure of
Co nanocylinders should be considered only as evaluation
results showing that with the magnetoelastic component
nanocylinders may be partitioned into domains, which leads
to a decrease in remanence and coercivity and to isotropy of
the magnetic properties. This is in good agreement with the
experimental data.
V. CONCLUSION
We have demonstrated experimentally the impact of CNTs
on the magnetic properties of the ensemble of densely packed
Co NPs. We have shown that both SA and MEA are crucial in
suppressing the DDI. High magnetoelasticity is caused mainly
by the original self-assembled bottom–up fabrication process.
The magnetoelastic anisotropy has been evaluated for both
the observed crystalline structures of Co, fcc and hcp. The
noticeable magnetoelasticity is due to the presence of the hcp
crystalline phase. Such an approach in the fabrication of an
ensemble of anisotropic NPs can be very useful in the design
of magnetoelectronic devices with high packing density.
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